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IQUID sloshing still appears as an undesired phenomenon

concerning most applications for fluid management in space
transportation vehicles. Necessary to boost the vehicle from Earth’s
surface to the orbital position, rocket propellant represents the most
significant weight fraction influencing the launcher’s attitude
control. In this connection, one field of interest is the understanding
of the propellant damping properties in rocket tanks.

Previously, fundamental theoretical work was accomplished by
Lamb [1] and Miles [2] generating the basic equations based on the
potential theory. Later, Abramson [3] experimentally investigated
the dynamic behavior in moving containers for NASA. Recently, this
work was rewritten by Dodge [4], in which numerical methods were
updated using more efficient simulation codes. Also Bauer [5—7] and
Bauer and Eidel [8] provided major contributions to enhance the
understanding on this field.

Investigations of damping characteristics, however, became of
major interest during the 1960s, when American and Russian space
programs were strongly supported by their own governments,
focusing on the manned exploration of Earth’s orbit and the moon.
Premises for these missions are launcher systems requiring more
powerful engines and larger propellant tanks. Basic experimental
work studying the damping behavior of sloshing liquid was done by
Mikishev and Dorozhkin [9] and Stephens et al. [10] considering
cylindrical tank shapes. Other geometries such as spherical and
lenslike shapes were explored by Abramson [3] and later confirmed
by Dodge [4] and Ibrahim [11]. Nonlinear effects are observed in
cylindrical tanks, while excited at close to the first natural frequency,
in which the liquid surface forms large-amplitude breaking waves.
This phenomenon also occurs in sector-compartmented cylindrical
vessels, in which nonlinear effects are even stronger [3,5].

In this work, we perform experiments with -cylindrical
tank geometries, including the most prevalent flat-, concave-, and
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convex-bottom shapes. Experimental damping results are correlated
to numerical simulations using the commercial computational fluid
dynamics (CFD) software Flow3D. Particularly, close to the first
natural frequency, our experimental results are applied to predict the
amplitude response behavior of sloshing-liquid systems.

II. Experimental Setup

As illustrated in Fig. 1, the sloshing platform (1) is driven by the
electric engine (2). By means of the crank drive (3), the rotational
motion is transformed into sinusoidal oscillations. Hereby, the
oscillations are defined by the excitation amplitude y, and the
excitation frequency f = w/27w, where w is the angular velocity of
the drive shaft. To enable the one-degree-of-freedom excitation, the
sloshing platform is installed on three grooved ball bearings. On top,
the sloshing platform is equipped with the modular test vessel (4).
Three cylindrical vessel configurations are available for the tests,
illustrated in Fig. la, the concave-bottom geometry [3,4,9]
illustrated in Fig. 1b, and the convex-bottom geometry illustrated in
Fig. 1c. The radius of the cylindrical vessel part in all cases is
R = 145 mm. The fill level is defined as H, for which the deepest
position in the test vessel that is filled with liquid is the origin of the
coordinate system (x, y, z). All test vessel parts are made from acrylic
glass to enable optical access during the experimental run.

The test facility allows excitation frequencies up to f = 3.0 Hz,
whereas the excitation amplitude is limited to y, = 2.87 mm. For
data acquisition, the test facility is equipped with a high-speed-
camera system. This enables the measurement of the wave amplitude
Z,, given by the liquid-surface contour on the tank wall. Measurement
errors determining z,, are estimated up to 7%. Deionized water
at approximately 20°C is used as the test liquid; the density is
p=998.20 kg/m?®, and the kinematic viscosity is v=
1.004 x 107 m?/s.

Dimensionless numbers are a convenient method to scale actual
quantities into laboratory size. Considering a laterally excited test
vessel, the viscous damping can be characterized by the Galilei
number, defined as the ratio of the gravitational forces to the viscous
forces, yielding

_ 8k’

Ga =58 M

Vv

where g is the gravitational acceleration. The influence of surface
tension o (particularly, under zero gravity) is described by the Bond
number

_ pgkR®
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Table 1 gives an overview of the actual scaling between the
experiment and the full-size tanks under real conditions.

III. Numerical Methods

Numerical simulations are performed using the commercial CFD
solver FLOW-3D Ver. 9.1.1. (Flow Science. Inc.) thatis based on the
volume-of-fluid technique. The test vessel is resolved by a cubic
mesh with a total cell amount of 72,900 cells. Excitations are
implemented based on the acceleration in the sloshing direction:
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Fig. 1 Illustration of the sloshing test facility at the Center of Applied
Space Technology and Microgravity, including sketches of the test
vessels; base plate dimensions are 2.2 x 1.2 m.

a, (1) = ys[—w? cos(wr) + Lw? cos(2wi)] 3)

where A = y,/l is the drive ratio and / = 1100 mm is the cone rod
length. Because A < 1, the oscillation described by Eq. (3) is
approximately harmonic. Assuming a passive gas phase, the one-
fluid free-surface method is applied to solve the momentum and the
continuity equation, and the momentum advection is set to the first
order. Excited simulation cycles are performed until reaching the
steady state after 180 s. The restart point of the calculation is
synchronized with our displacement sensor data to define the exact
point of the engine stop. Then the calculation is repeated without
excitation so that the sloshing liquid can decay.

IV. Damping

Damping experiments are performed for certain fill ratios between
0.2 < H/R < 2 after exciting the liquid corresponding to 90% of the
respective first natural frequency:

H
2 _ fusg tanh[eui] @)

7 472R

where ¢ = 1.84 is given by the firstroot of the derivative of the Bessel
function of the first kind. However, reaching the steady state after
approximately 3 min, the excitation is abruptly stopped so that the
sloshing liquid can decay exponentially. The damping behavior of
sloshing systems is quantified by means of the dimensionless
damping ratio y = A /A, a measure that is frequently found in the
literature [3,10,11]. In this connection,

_ an Zw.l — Fnr Zw,i
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i
is the logarithmic decrement based on the wave decay. The
denominator is the deepwater damping parameter [4,11]
A o« Ga~'/#, valid for H/R > 1.
The dependency of y on the fill level is shown in Fig. 2. For flat-
bottom configurations, the development of the damping is described

Table 1 Scaling of experimental parameters

Fluid g, m/s? Ga Bo

Water 9.81 x 10° 297 x 10"  2.82 x 10°
Liquid hydrogen 9.81 x10° 420x10%  2.17 x 10°
Liquid hydrogen ~ 9.81 x 1072 4.20 x 10"*  2.17 x 10*
Liquid oxygen 9.81 x 10°  5.24x 105 5.38 x 10°
Liquid oxygen 981 x1072 5.24x 10 538 x 10*
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by an analytical approach found by Stephens et al. [10]. They
confined the influence of viscosity to a thin boundary layer at the
vessel wall, in which frictional interactions between the liquid and
the vessel wall dominate the liquid motion. This approach yields
[10,11]

6)

A KGa"/“[ 1+ 2[1 +2(1 — H/R)] ]

sinh(2e,;H/R)tanh!/*(g,, H/R)

where K is an experimental parameter [10]. As shown in Fig. 2a, our
experimental data fit the theoretical prediction reasonably well, with
the exception of H/R < 0.5. This is not surprising, because the
measurement error for small fill levels is much higher.

Damping results of the concave-bottom experiments are plotted in
Fig. 2b. Particularly, for H/R < 1, we observed higher damping
ratios, caused by the spherical-bottom geometry. Again, the damping
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Fig. 2 Damping ratio as a function of the fill ratio for each bottom
geometry.
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can be expressed by a theoretical relation that is similar to the
analytical approach in Eq. (6). For concave bottoms, the damping
relation is supplemented by the geometry factor K; determined by
Mikishev and Dorozhkin [9]. The development of K, is plotted in the
inset of Fig. 2b. However, for the concave bottom considered here,
K = 10.32is found to be two times greater than observed for the flat-
bottom experiment, where K = 5.23.

As shown in Fig. 2¢, y for the convex-bottom geometry behaves
differently from the flat- and concave-bottom results. The
development of the experimental data allows the assumption to
divide the vessel in two regions. On one side, the results show
toroidal characteristics [3,4] for H/R < 1, as indicated by the dashed
line in Fig. 2¢, where the convex dome appears in the middle of the
test vessel. On the other side, the damping for H/R > 1 matches a
regular cylindrical flat-bottom tank, indicated by the solid line in
Fig. 2c. Again, the experimental parameter yields K =5.32.
Numerical simulations are performed for H/R > 1. In spite of the
complex vessel geometry, the calculated y fits the experimental data
reasonably well.

V. Response Curves

According to Scanlan and Rosenbaum [12] and, more recently,
Dodge [4] and Ibrahim [11], a laterally excited liquid with a free
surface can be considered as a pendulum or a spring mass system. In
the latter case, the liquid motion can be described by an ordinary
differential equation, such as

J(1) 4+ 2Dw; 1 3(1) + wiyy(1) = i, cos(wr) @)

With respect to the linear theory of damped oscillations, the damping
factor D can be expressed in terms of the logarithmic decrement, so
that

D = A[4m? + A?]71/? (8)

Because we only consider motions after reaching the steady state, the
particular solution of Eq. (7) is

y(t) = y,Bcos(wt — @) ©)

and the homogeneous solution can be neglected. Here, ¢ describes
the phase shift. The amplitude ratio B = z,,/y, is a dimensionless
measure of the wave amplitude, yielding

B=C[(1 —n*)* +4D* "' (10)

where C = 1 is a correction factor to fit our data, and n = w/w; is
the dimensionless frequency ratio. Close to the first natural
frequency, where 0.9 < n < 1.1, a vertical baffle is used to prevent
any rotational liquid motion. A nonlinear approach is applied to
express the occurring effects. In this case, the spring representing the
liquid reset force does not satisfy Hooke’s law. The spring term
w?,y(¢) in Eq. (7) is supplemented by the cubic expression w?,ay* (1)
to integrate the nonlinear behavior. In this term, the degree of
nonlinearity is expressed by the deflection coefficient « = O(1075).
Considering the dimensionless time scale T = w,;¢ and substituting

¥ =2 (an
Wy
as well as
v =22 (12)
w1

into Eq. (7), leads to the Duffing equation:
Y'(0) +2Dy'(1) + y(1) + @y’ () = yacos(nr)  (13)

By applying the method of harmonic balance, the nonlinear term oy’
is transferred into the linear approximation «fy. Because the
oscillations are assumed to be harmonic, the linearization factor
corresponds to B = 3az2,/4. Then Eq. (13) can be rewritten

¥'(2) 4+ 2Dy’ (v) 4 13y () = y4 cos(n7) (14)

where 73 = 1 + B. Equation (9) is solved analogous to the ordinary
differential equation in Eq. (10), leading to a particular solution

y(¥) = yaBcos(nt — ¢) s)

The amplitude ratio yields
B:c[(ng—n2)2+4Dzn2]’”2 (16)

Results for the flat-bottom geometry are provided in Fig. 3a, in which
response curves for different fill ratios are plotted for each vessel
configuration. The influence of damping is identified by the size of
the response peak, because the smaller peak corresponds to the more
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Fig. 3 Response curves as functions of the frequency for each bottom
geometry; solid curves are based on the linear theory in Eq. (10), and
dashed lines correspond to the nonlinear theory in Eq. (16).
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damped system. While considering the amplitude close to the first
natural frequency, in which a baffle is used to prevent liquid swirling,
it came out that our linear theory is only applicable for < 0.9 and
n > 0.9. In fact, the response characteristics close to f;; can be
associated with our nonlinear model introduced in Eq. (16).
However, plotting Eq. (16) yields the typical nonlinear development,
in which the characteristic resonance peak is shifted to the left side. In
this connection, the deflection coefficient « is approximately four
times smaller for H/R = 0.5 than it appears for H/R = 2.

Similar characteristics are observed for the concave-bottom
vessel, as shown in Fig. 3b. Again, a vertical baffle is used close to f/;
to prevent liquid swirling. For H/R = 2, for which the influence of
the bottom can be neglected, the nonlinear response behavior
matches the corresponding result achieved with the flat bottom.
However, a different behavior is observed for H/R =0.5; the
nonlinear behavior seems more obvious for the concave-bottom
geometry than it appears in the flat-bottom vessel. The deflection
coefficient « is approximately two times smaller than when it
emerges for H/R = 2.

Results for the convex-bottom vessel are provided in Fig. 3c. For
H/R = 2, the response curve shows similar properties, as observed
during the flat-bottom experiment for H/R = 1. This behavior
supports our assumption that convex-bottom vessels can be divided
into two parts, whereas the convex part may be neglected for fill
ratios H/R > 2. For H/R = 1, for which the liquid surface touches
the top of the convex dome, the damping is five times higher than it
appears for other geometries. Our data here differ from the predicted
curve. An explanation can be given by the fact that our data
acquisition here is extremely difficult to implement, because
occurring wave amplitudes are very small and noisy.

VI. Conclusions

The decay experiments provide insight into the damping behavior
of sloshing liquid, considering flat-, concave-, and convex-bottom
geometries. As shown in Figs. 2a and 2b, the damping significantly
increases for H/R < 1 and remains on the level of the deepwater
damping for H/R > 1. Experiments using the convex-bottom
geometry suggest a different impression. The test vessels can be
divided into two parts, and the boundary between them is located at
H/R =~ 1.For H/R < 1, the damping is similar to the y observed in
toroidal tanks [3,4]. This is different for fill ratios H/R > 1, for
which the damping appears proportional to the y observed in flat-
bottom vessels.

To get a better understanding of the response behavior in laterally
excited propellant tanks, the sloshing characteristics are specified by
an ordinary differential equation describing a spring mass system.
For frequency ratios n < 0.9 and > 1.1, the linear model prediction
in Eq. (10) is experimentally confirmed by our wave-amplitude data,
as shown in Fig. 3. This behavior is different close to the first natural
frequency, when 0.9 < n < 1.1. The liquid response satisfies our
nonlinear model that is summarized in Eq. (16). According to our
observations, the nonlinear phenomenon can be traced back to the
vertical baffle applied to prevent liquid swirling. At the liquid
surface, the baffle splits the vessel into two parts, leading to a sector
tank consisting of two identical semicircular areas. This confirms
previous studies [3,5] in which nonlinear effects in cylindrical
compartment tanks were observed.

A few questions arise from this work, particularly, considering our
nonlinear model introduced in Eq. (16). Based on our experimental
results, the deflection coefficient « is basically dependent on the fill
level and is only related to the vessel geometry to a small extent.
Because the observed behavior is attributed to the nonlinear spring
component @?,ay> (%), it is not clear how « is functionally connected
to the fill level. This represents an area that will need further
investigation.
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